Applications of NMR Imaging on Solid Rocket Motor Materials by VanderHeiden, E. J.
APPLICATIONS OF NMR IMAGING ON SOLID ROCKET MOTOR MATERIALS 
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Solid Rocket Motors (SRM) , a primary component to our 
defence and space programs, must preform reliably when used. 
SRM's are typically cylindrical in shape consisting of: an 
outer shell (typically made of a rigid material such as steel 
or graphite composites) that bears the pressure of firing; an 
insulation barrier (similar to rubber) to protect the casing 
from the propellant burn; the inside of the motor is filled 
with solid propellant (fuel); and "adhesives" to bond layers 
together. The propellant consist of a polymerie binder highly 
filled with granular particles of aluminum (fuel) and 
oxidizer. 
Many potential problems can contribute to a motor 
failure. Examples might be: cracks or voids in the propellant 
or casing, improper bonding between surfaces, migration of 
ingredients, propellant mix irregularities, improper eure and 
thickness of adhesives, etc. All of these problems have been 
thought to cause rocket motor failures 1. 
The application of nuclear magnetic resonance imaging 
(NMRI) to the study of water containing biological sampIes 2 
and liquid penetrates in solid sampIes 3 has proven very 
successful in recent years. The relationship to water 
containing is because of the waters protons which provide the 
best NMR signal (since it has no isotopes and has a large 
magnetic moment). With the exception of the aluminum 
particles and the graphite fiber (used in the motor case) , all 
of the motor ingredients contain protons. NMRI is an 
affective NDI method because of its non-contact nature of the 
measurement, the ability to obtain high resolution images, and 
an extreme sensitivity to chemical and physical properties of 
the sampIe. As we will show later, this last point is of 
particular interest to this study since the NMR response from 
the solid particles is drastically different than it is from 
rubber binders and liquids. However, applications of NMRI to 
"solid" sampIes such as propellant has rarely been attempted. 
This is because the signal from solid materials usually decays 
too rapidly to be imaged. Fortunately, with some difficulty, 
"soft" solids such as soft or uncured epoxies 4, ceramies 5 
rubber 6,7, and bonded adhesi ves 8 can be imaged using 
commercially available imaging instruments. 
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The work described in this paper focused on demonstrating 
the application of NMR for inspecting SRM's with graphite 
casings. Emphasis was on: what types of materials could be 
inspected, limitations on size, and the affect of the 
composite casing. 
EXPERIMENTAL 
NMR Technigue 
Standard NMR spectrometers have a homogeneous magnet 
which has a field strength that is several thousand times that 
of the earth's field. This large magnet induces a resonance 
condition in the sample. The resonance condition is unique 
for each different nucleus (i.e., proton, carbon, nitrogen, 
chlorine, etc.) that is present 9. A "radio-frequency" probe 
which is designed for a specific nucleus's resonance is then 
used to perturb (excite) and detect the resonance condition 9. 
In typical spectrometers, the sample is placed inside of the 
probe which is located in the center of the magnet (usually a 
super-conducting magnet with a "helix coil" type design). 
with NMR imaging, the nucleus observed is nearly always 
the proton. This is because protons are usually abundant in 
most organic materials and have one of the largest NMR signal 
intensities. The sample parameters which typically have the 
greatest influence on the image contrast are the relaxation 
times (Tl' and T2 ) and the linewidth (LW) 7,10. 
Tl is called the spin-lattice relaxation time. It is a 
measure of how long it takes the nucleus to return to 
equilibrium after excitation 9. As we will describe later, to 
obtain an image, several thousand independent acquisitions 
must be made. Furthermore, if the NMR signal intensity is 
low, signal averaging is sometimes required. With signal 
averaging, multiple signals (NA) are averaged in order to 
improve the signal-to-noise ratio. Eowever, since only that 
portion of the signal which is allowed to return to 
equilibrium will be excited between subsequent acquisitions, a 
time "recovery time" (TR) must elapse between acquisitions 9. 
If TR « Tl' little signal will be obtained. Therefore, if 
the sample has low signal, TR must approximate Tl in order to 
get a good image. 
The T2 parameter is a measure of how fast the NMR signal 
decays after excitation due to minute magnetic perturbations 
produced by nearby nuclei 9. In general, longer T2 values 
correlate with more mobile materials. For example, rigid 
epoxies and liquids have T2 values - 10 ~s and - 1 sec, 
respectively. As we will describe later, the T2 parameter has 
a significant role in determining which materials can be 
successfully imaged. 
LW is a measure of the microscopic fluctuations in the 
local magnetic field due to interactions such as chemical 
bonding 9. These interactions will "widen" a spectrum. The 
LW is a measure of this widening and is usually expressed in 
units of frequency (Hz) but with a simple conversion, can also 
be reported in units of magnetic field (Gauss). The linewidth 
parameter will influence the resolution of the NMR image and, 
to a lesser effect, the image intensity 7 
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In contrast to x-ray computed tomography (CT) where 
either the sampIe or scanner must move to encode spatial 
information into the measurement, NMR spatial encoding is done 
electronically with no moving parts. Spatial information is 
encoded into the NMR signal using magnetic field gradients 
(G). The gradient fields, one for each of the x, y and z 
directions (Gx,Gy,Gz ), vary linearly across the direction of 
the gradient. The gradients are produced by inducing a 
current in "gradient coils" which are usually located between 
the magnet and the sampIe probe 2,7,10. 
Like x-ray CT, the most common NMR imaging technique is a 
2-D slice method. With a 2-D image (i.e., x-y plane), a slice 
along the z-axis is excited (using z-gradient), then one of 
the other two gradients are used to encode the image. This is 
done with one gradient constant (i.e., Gx) while the other (Gy) 
is varied through as many values as there are pixels in the 
image. For example, if the image has 128 x 128 pixels, then 
Gy will cycle through 128 values (128 acquisitions) where each 
acquisition is separated by TR 10. 
For propellant sampIes, each 2-D slice typically requires 
several minutes to obtain. However, acquiring the 3-D data 
set will drastically increase the acquisition time. Thinking 
of the 3-D data set as the addition of individual slices 
(i.e., 128 z-axis slices), a 3-D image will require 128 times 
as long as one slice (several hours). Once the 3-D set has 
been obtained, state-of-the-art software is used for real-time 
displaying of the 3-D object. The image can be viewed from 
any angle of rotation and slices can be obtained at varying 
depths throughout the sampIe. 
Using standard NMR imaging methods, two parameters 
associated with the gradients affect the image resolution and 
contrast 10. (1) The resolution (R), or pixel size, is 
approximately the ratio of thelinewidth to the gradients 
strength (R - LW/G). That is, the larger the gradient, the 
better the resolution. (2) The total time required to encode 
the spatial information into the NMR signal (sometimes 
referred to as echo time, TE) must be approximately equal to 
or greater than T2 • If encoding takes too long, signal 
intensity will decay and the image will appear blank as if it 
were a void. With commercial spectrometers, the minimum TE 
times are several msec. For this reason, rigid solids like 
cured epoxies and, as it turns out, solid particles in the 
propellant cannot be imaged without sophisticated imaging 
equipment and techniques 11. Therefore, only the binder and 
liquid components of the propellant will be imaged and if the 
solid particles or agglomerates are near the pixel size they 
will appear as voids. 
SampIes 
The solid propellants used in this study are typically 
referred to as "composite" propellants. Their composition was 
85-88% by weight solids (ammonium-perchlorate (AP), and 
aluminum) and 12-15% binder (hydroxy terminated polybutadiene 
(HTPB) or polybutadieneacrlyonitrile (PBAN)) . Shipping live 
propellant is a cumbersome task, so we used inert propellant. 
The inert propellant is similar to the live propellant except 
that the AP is replaced by an inert salto 
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Linewidths for the propellant binders are - 2 KHz (0.05 
Gauss). T2 values for the binder components were 5 - 10 msec, 
therefore, TE times less than 5 msec were desirable. T2 for 
the AP is < 0.4 msec so it will not produce a signal in the 
image. Likewise, the aluminum has no protons so it will have 
no signal. The binder Tl times are - 0.1 sec for the inert 
propellant. 
RESULTS 
Inert Propellant 
The first application (Fig. 1) is a "high" resolution 3-D 
image of inert propellant cast against a Kevlar filled EPDM 
insulator. The NMRI system was a General Electric eSI unit, 
which has a magnetic field strength of 1.8 Tesla, and a 
maximum sampIe diameter of - 6 inches. The system is also 
equipped with a set of shielded gradients which were capable 
of up to 10 Gauss/cm in all orientations. The sampIe was - 10 
mm in diameter, therefore, a helix type coil that was - 13 mm 
in diameter and - 20 mm long was used. This maximized the 
"filling factor" (or the volume of the probe occupied by the 
sampIe) which in turn maximizes the signal relative to the 
background noise. 
Figure 1 shows a NMRI negative of four consecutive slice 
planes through the inert propellant, where the resolution of 
the scan was 50 x 50 um and the slice planes are 450 um thick. 
(Note: slice plane refers to the two dimensional view plans of 
the image, not a physical slice through the sampIe.) The 
gradients were - 5 Gauss/cm, TE = 3 msec, NA = 8 and TR = 400 
msec. 
Fig. 1. 
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3-D NMR negative image of insulator and inert 
propellant. 
with a negative image, the interpretation of dark and 
bright are reversed relative to a standard image (i.e., lower 
mobility, smaller concentration, or less density is associated 
with an increase in brightness for the negative image.) In 
the figure, the propellant and insulator are clearly resolved, 
where the insulator appears as a dark band at the bottom of 
each slice. Features can also be resolved within the 
insulator and propellant: In the propellant dark spots 
(possibly plasticizer rich areas) and light regions (probably 
salt particles) exist. In the insulator, bright spots 
associated with the Kevlar fibers are easily resolved. 
4 in . Phantom - HOOR Wound Fiber Casing 
Our first attempt to simulate a motor analog was designed 
to simulate several problems associated with actual motors. 
Also of interest was the affect of the graphite case on the 
NMR image. 
The phantom casing was filament wound with graphite fiber 
in a hoop direction (circumference). Dimensions and the 
respective image can be seen in Figures 2. Half a mix was 
poured into the cylinder and partially cured to the point it 
could support glass rods (lmm, 2mm and 4mm - used as 
resolution gauges). A piece of tape (25mm x 25mm x 2mm thick) 
was inserted on the insulator near the top of the mixline. The 
purpose of the tape was to simulate an insulator / propellant 
unbond. The second half of the mix was then poured into the 
cylinder and the propellant mixes were cu red to completion. 
Graphite ( omposite 
6 in. 
Fig. 2. Front view of a two mix SRM phantom with a hoop 
wound composite casing. Curvature of the outer 
surface was caused by the limited r a nge of magnet 
homogeneity. 
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The image was obtained using a 6 in. diameter "birdcage" 
probe 12. The pixel resolution is - 1.5mm x 1.5mm with a 2mm 
slice. The propellant mixline is readily apparent in Figure 
2. The mix line is likely due to the migration of low 
viscosity polymer components to the surface. Since the low 
viscosity materials have much shorter T2 , they will show up as 
bright regions in the image. Also apparent in the figure is 
one of the glass rods, the plastic cap placed on the rod, and 
the unbond areas associated with the tape. 
The results for the 4 in. phantom suggested that the 
graphite casing had no effect on the r.f. excitation or 
detection (other then a minor detuning of the r.f. probe). By 
studying the mechanism for r.f. coupling with the sample, it 
is easy to understand why the hoop windings of the casing have 
little affect. The r.f. couples to the fiber by inducing eddy 
currents. However, with a birdcage probe, the r.f. is 
directed radially to the cylinder, which is perpendicular to 
fiber hoops (conductive component of casing). Therefore, 
essentially no eddy currents will be induced. Unfortunately, 
most graphite casing are not hoop wound but have multi-
directional layups. Such layups should have current pathways 
which can couple to the r.f .. 
9" Phantom With Multi-Directional Fiber Layup 
A quantitative experiment of the r.f. attenuation due to 
the graphite layup was conducted at GE Freemont, CA, using a 
standard cylindrical shaped ("birdcage") external probe that 
both excites and detects the r.f. NMR signal. In the GE 
experiment, the signal intensity of a water sample was 
observed to decrease by a factor of - 47 when placed inside 
the 9" graphite case. Also observed was a substantial (- a 
factor of 5) decrease in the excitation power provided to the 
sample. Power amplifiers can be built to increase the 
excitation power, thus overcoming the attenuating effect of 
the composite case on the excitation r.f., but the NMR signal 
that is received is essentially fixed. That is, the NMR 
signal can only be increased by increasing either the field 
strength or the sample volume. Increasing the field strength 
would be cost prohibitive and increasing the sample volume 
would defeat the high resolution capabilities of this 
technique. Therefore, to overcome the effect of the graphite 
case on the received signal, it was decided, in collaboration 
with GE personal, to use a receiver probe placed inside the 
bore of the motor. 
An NMRI was taken at the University of Utah Medical 
Center, using a Whole body clinical system. Figure 3 is a 
negative picture of an NMR image of the 9" phantom using an 
internal probe to receive and a 21" diameter birdcage probe 
(in which the sample fits) to excite. Pixel resolution for 
the image is 0.9 mm, slice thickness is 10.0 mm, and NA = 2. 
It should be noted that in the process of reproducing the 
original results, in figure form for this report, substantial 
resolution was lost. The NMRI system is a GE whole body 
scanner with a 1.5 Tesla field. The image shown in Fig. 3 is 
the fourth slice of aseries of six slices. Scan time for 
each slice was - 3 minutes with NA = 2, TE = 20 msec and TR = 
2 sec. The slices is 20 mm thick and pixels are - Imm x Imm. 
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Figure 3 . NMRI of a 9 " diameter inert motor with a graphite 
composite case, using a 21" birdcage coil to excite 
and an internal probe (2cm thick human neck coil) to 
receive the NMR signal. 
As can be easily seen in the image, glass tubes filled 
with liquid are placed radially outward along four of the 
fins. Because the liquid has a low viscosity, relative to the 
binder and solids of the propellant, it appears darkest in the 
negative image. The outside diameters are 5, 4, 3 , and 2 mm, 
respectively. Also readily visible in the image is the 
propellant/insulator interface, shown as a thin band around 
the phantom. 
The internal receiver probe used for the image was 
designed for surface imaging of the human neck. This probe is 
a round disk - 8 cm in diameter and - 2 cm thick, and was 
placed - 2 cm above the center of the motors bore. Because of 
the design of the probe the received signal is greatest 
nearest the surface of the probe and fall off radially from 
the symmetry axi s of the disko This inhomogeneous received 
signal is apparent in Fig. 3. 
Fi nally , it shou l d be noted that the system used was 
designed and used exclusively for biological imaging (i.e . , 
imaging of low viscosity materials such as water). With such 
a system the minimum TE is - 20 msec. This greatly reduces 
the signal from the solid propellant and i nsulator. In fact, 
the propellant signal will decay to - 2 - 15 % of initial 
amplitude i n 20 msec . With shielded gradients, minimum TE's 
around 5 msec are possible which corresponds to a signal 
improvement of 5 - 20 times greater than shown in Fig. 3. 
DISCUSSION 
The results demonstrated in this report demonstrate that 
NMRI is possible for SRM motors with filament wound graphite 
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casings. The spatial resolution for small sampIes was 
approximately 100 ~3. With the SRM phantoms, the graphite 
casing was found to drastically reduce the signal intensity. 
The effect was partially eliminated by using a probe inserted 
inside the bore of the motor as the receiver. With such an 
approach, results on the 9 in. phantom with filament wound 
graphite casing demonstrated the viability of imaging using 
standard cornrnercially available instruments. The results are 
significant since they confirm that high resolution images can 
be obtained on solid rocket motors. 
Clearly, the success of imaging actual production motors 
will greatly depend on the manufacturing of the casing. As C. 
Fry. et.al have demonstrated, for highly compacted composites 
essentially no r.f. would penetrate a 1/4 in casing 13. 
However, it appeared that with compaction from the filament 
winding process was "bad" enough to allow r.f. to penetrate 
the casing. Regardless, imaging motors with casing greater 
then - 0.5 in. thick appears unlikely. 
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